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A B S T R A C T
Salt hydrates have promising potential as heat storage materials by use of their hydration/dehydration
reaction. These hydration/dehydration reactions are studied in this paper for CuCl2, CuSO4, MgCl2 and
MgSO4. During a hydration/dehydration reaction, the salt shrinks and expands as a result of the
differences in densities of the phases. As a result, after the ﬁrst dehydration cycle, the crystal is fractured
into a pseudomorphic state that releases the water molecules more easily. The effect of fracturing is
larger in case of hydrates with larger volumetric changes. In this study the performance of hydrates
during cyclic loading is related to the pore water production and volume variations. On the basis of such
data, it is concluded that CuCl2 is the most promising heat storage material.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Currently society is transitioning, from a carbon based economy
to a renewable one. To transform the domestic heat demand from
carbon consumption to renewable energy, various techniques are
developed to generate heat like solar collectors, parabolic solar
collectors, solar ponds and solar concentrators. One of the major
drawbacks of these techniques is of course that sunlight is needed
for the process. This makes the production of heat uncertain
overtime, which could be solved by heat storage. A storage option
with a promising potential is thermochemical heat storage
utilizing salt hydrates, by which heat can be stored almost loss-
free over long time. Several papers have been written about
requirements to consider when choosing a thermochemical heat
storage material [1–5].
The publication of Goldstein [6] marks the beginning of the
renewed interest in these hydrates as heat storage materials. Salt
hydrates can include water in a newly formed crystal structure by
which chemical energy can be stored. The basic reaction behind
this process can be represented as:
AxH2OðsÞÐAðsÞ þ xH2OðgÞ; DH; (1)
wherein AxH2O is a solid salt complex produced from solid A and
solvent H2O. The amount of mol water inside product A is called* Corresponding author.
E-mail address: l.pel@tue.nl (L. Pel).
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4.0/).the loading of the salt. For the decomposition of AxH2O energy
(DH) has to be added,where as in the formation of AxH2O the same
reaction energy (DH) is produced. While Eq. (1) is an equilibrium
reaction, the state of the system can be modiﬁed by the vapor
pressure and temperature of the system. This study focusses on
hydrates, which (partially) dehydrate at temperatures below
150 8C.
Previous studies focussed on a single hydration or dehydration
step either induced by temperature changes, i.e. using thermal
gravimetric analysis (TGA) [7–9], differential scanning calorimetry
(DSC) [10–12], XRD [10,13], Raman [14] and neutron diffraction
[15] or by vapor pressure; i.e. using gravimetric analysis [16,17]
and Raman [18–20]. Reviews on the selection of hydrates that are
suitable for heat storage [5,21–23] are mainly based on single
dehydration or hydration steps or are based purely on theoretical
energy densities and dehydration temperatures. This selection
procedure is insufﬁcient, as it does not take account of multicyclic
stability. It has been observed that the salt grains are not stable
(physically, mechanically and/or chemically) over several cycles of
repeated hydration and dehydration, e.g., considering changes in
the rehydration/dehydration rates and/or grain sizes [24–27]. For
example, during dehydration a pseudomorphic structure may
appear [28,29] due to volume changes, which facilitates vapor
transport through the crystal, thereby inﬂuencing the transport in
time [25]. Such observations are mainly based on mass measure-
ments and information on the crystal structure or water transport
inside the grains is missing. Furthermore, a drawback of most of
the techniques used in these studies is that during the dehydratione under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
Nomenclature
RH relative humidity (%)
RHdel deliquescence RH (%)
RHdeh dehydration RH (%)
T temperature (8C)
DH reaction enthalpy (kJ/mol)
S NMR signal intensity (a.u.)
t time after excitation (s)
T2 transversal relaxation time (s)
T1 spin-lattice relaxation time (s)
r water density (mol/m3)
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Fig. 1. The T2 distribution of MgSO47H2O crystal before dehydration at 25 8C and
during a dehydration at 60 8C. The dotted line indicates the boundary between
relaxation times belonging to lattice and pore water.
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Fig. 2. A schematic representation of the NMR setup used during dehydration/
hydration experiments. The sample can be conditioned by vapor pressure and
temperature.
P.A.J. Donkers et al. / Journal of Energy Storage 5 (2016) 25–3226or rehydration the moist air supply is from one side of the sample
only, i.e. single-sided induced hydration/dehydration. As a result
most experiments are performed on sample mass below 10 mg,
because in larger samples diffusion of air through the bed of grains
limits the dehydration and (re)hydration processes.
In this paper, the cyclability of several hydrates is studied,
which were selected on the basis of their theoretical volume
variation during a hydration/dehydration reaction. Using Nuclear
Magnetic Resonance (NMR), the water transport in these hydrates
is studied in larger beds of grains where the moist air is blown
through the bed itself. This is in contrast with techniques like TGA
or DSC, where moist air can only be blown along the top of the
sample. In such experiments, the number of layers of grains will
affect the dehydration process as a result of vapor diffusion
through the bed of grains. In the NMR experiments, this effect can
be avoided as long as the moist air ﬂow through the bed is high
compared to the vapor production or consumption of the grains in
the bed.
2. Methods
In this study, NMR is used to measure water in the hydrates
non-destructively. The signal of water attenuates in a NMR
experiment. In the case we can ignore the spin-lattice relaxation
time T1, i.e. when the repetition time Tr > 4T1, this reads according
to:
SðtÞ ¼ rexp  t
T2
 
; (2)
wherein r is the water density, t is the time after excitation and T2
is the transversal relaxation time. Hence, it is possible to link the
signal intensity of the NMR to the total amount of water present. In
general, as to minimize the inﬂuence of T2, the time t is chosen as
short as possible. The transversal relaxation time T2 can be related
to themobility of the proton [30,31], whereby the T2 increaseswith
increasing mobility.
In a sample, not all watermoleculeswill have the samemobility
and Eq. (2) can be rewritten as:
SðtÞ ¼
X
i
ri exp 
t
T2;i
  
(3)
Here i indicates the types of water in a material, ri is the water
density of type water i and T2,i the transversal relaxation time of
water i. This equation therefore shows that a multi-exponential
decay curve is generally observed, which is a result of different
types of water with different mobility in a sample.In this paper, two groups of transversal relaxation times (T2) in
hydrates are considered. The ﬁrst group has T2 values between
10 and 300–1000ms, whichwill be referred to as lattice water. The
upper boundary is variable, depending on the studied hydrate. This
type of water is located in the crystal structure and these water
molecules are almost immobile and have strong static interaction
with their neighboring water molecules. This component is the
only component present in a hydrated crystal. As an example, in
Fig. 1, the relaxation distribution is plotted for MgSO4 at 25 8C and
as can be seen only relaxation times below 300 ms are observed.
When the sample is heated to 60 8C, the sample crosses the triple
point of heptahydrate, hexahydrate and aqueous solution of
MgSO4 and the relaxation distribution changes. At this tempera-
ture, also T2 values between 0.3–1 and 1000 ms are observed,
which will be referred to as pore water. This water is an aqueous
solution of the salt in a grain and is mobile compared to the lattice
water. It may be located in voids or pores inside a grain. This water
component may also appear during dehydration by crossing
(incongruent) melting temperatures. In case of a larger sample, the
mean relaxation time is plotted and this can be a combination of
pore and lattice water.
For studying the dehydration/hydration cycles by NMR, a
home-build RF-coil was used which resonates at 200 MHz, which
is schematically outlined in Fig. 2. A Faraday coil has been
incorporated in the RF-coil in order to be able to perform
quantitative analysis of the NMR signal. The heating is performed
with help of heat resistors and during heating, the temperature is
controlled in a range of 20–150 8C with 1 8C in accuracy. The
temperature is measured next to the sample with help of a
P.A.J. Donkers et al. / Journal of Energy Storage 5 (2016) 25–32 27thermocouple Type K. No active cooling is present in this setup.
Sampleswith a size of 10 mmheight and 6 mmdiameter (280 mm3)
can be placed in a glass cylinder. The initial masses of the hydrated
salts used in the cyclic experiments in the NMR are between 300 and
500 mg, depending on the porosity and density of the studied
hydrate. The sample is conﬁned by two porous glass ﬁlters, through
which an airﬂow of 0.2 l/min takes place (air velocity is 11 cm/s). The
airﬂow temperature before blowing the air into the temperature
controlled setup is 25 8C. The humidity of the air was regulated by a
home made humidiﬁer and additional measured by a RH-sensor
(Sensirion SHT75). All experiments were performed at atmospheric
pressure. During dehydration, the air ﬂow through the sample is kept
at 0–5% RH. As the air ﬂow ﬁrst passed a glass ﬁlter, the airﬂow
temperature which reaches the sample is equal to the temperature
measured in the sample. During hydration, the RH of the air ﬂow is set
depending on the hydrate studied. The RH around the sample can be
calculated with help of the initial air temperature (25 8C) and sample
temperature. During our cyclic experiments we can control the
temperature inside the setup and air ﬂow through the sample.
In order to measure the relaxation, the signal decay was
recorded using a CPMG pulse sequence [32]. During a CPMG pulse
sequence a static magnetic ﬁeld gradient of 300 mTm1 is applied.
This gradient adjusts the echoes of the CPMG pulse train in our
recording window. The time between two successive echoes
within this pulse sequence was 60 ms, whereas the repetition time
of the sequence was 24 s. 1024 up to 4096 echoes were recorded,
and an accumulationwas performed of 4 scans during dehydration
and 16 during hydration. In order to analyze the relaxation, a Fast
Laplace Inversion transformation (FLI), [33], was used. The total
water density was calculated based on the relaxation analysis by
extrapolation of the signal to t = 0.
3. Materials
In this study, we have selected four hydrates based on two
criteria, i.e.; ﬁrstly, the energy density calculated with the density
of the hydrated salt should be in the order of 2 GJ/m3 in the
temperature range of 25–150 8C. Secondly, the crystal can be
rehydrated with a difference of at least 20% RH between the
applied RH and the equilibrium RH of the ﬁnal loading at 25 8C.
This means that at 25 8C RHdel–RHdeh20%. RHdel is the RH where
the highest loading dissolves and RHdeh is the RH whereby the
highest loading dehydrates. Based on these criteria, four hydrates
were selected: CuCl2, CuSO4, MgCl2 and MgSO4. The main
thermochemical characteristics of the selected four hydrates are
given in Table 1. The volume change and theoretical energy
densities of the different reactions were calculated with help of
Wagman et al. [34] and XRD data. The table shows that the energyTable 1
Themain thermochemical characteristics of the selected hydrates. The start loading and
enthalpy at 25 8C and 0.1MPa for one mol of a hydrate. DVolume is the volume differe
density is calculated based on the reaction enthalpy and the volume of the highest hydrat
RH whereby the highest loading dehydrates at 25 8C. This table is composed of data by
Salt Start loading (mol) Final loading (mol) DfH8 (kJ/mol)
CuCl2 2 0 117.6
CuSO4 5 3 111.70
– 5 1 226.55
– 5 0 299.20
MgCl2 6 4 116.39
– 6 2 252.03
– 6 1 323.30
MgSO4 7 6 59.89
– 7 4 166.66
– 7 2 283.42
– 7 1 335.70
– 7 0 411.08density is generally larger in systems with a larger volume
difference. An energy density of about 2 GJ/m3 corresponds with a
volume difference in the order of 50%.
In the experiments, grains of 1–2 mm of the chosen hydrates
were used. These grains were equilibrated at 22 8C above a
saturated solution of KCl (RH = 85%) for CuSO4 and MgSO4 salts,
CH3COOK (RH = 22%) for MgCl2 and NaNO2 (RH = 65%) for
CuCl2. With help of thermogravimetrical analysis (TGA) the initial
hydrated state of the salts were determined as CuCl22H2O,
CuSO45H2O, MgCl26H2O andMgSO47H2O, which is in agreement
with the expected loadings at these conditions from the phase
diagrams.
4. Results
4.1. CuCl2
We ﬁrst studied CuCl2, as this crystal can only have 2 loadings,
i.e., 0 and 2. The CuCl2 grains were cycled eight times in the NMR,
i.e. eight times heated from 30 8C till 150 8C, with a heating rate of
0.5 8C/min. After reaching 150 8C in the sample, the temperature
was kept constant for 0.5 h and decreased till 30 8C in 2 h (no
active cooling, but cooling by ambient air) in each cycle. The
grains were rehydrated with an RH of 60% at a sample
temperature of 30 8C. The rehydration timeswere varied between
5 and 24 h. The resulting measured loading of the CuCl2 grains as
determined by NMR, aswell as themeasured sample temperature
are plotted as a function of time in Fig. 3,whereby the time is set to
zero at the start of the dehydration of each run. The ﬁrst
dehydration cycle shows that the crystal bed dehydrates between
80 8C and 120 8C. During the second run the bed dehydrates
between 75 8C and 110 8C. The other 6 successive cycles overlap
with each other and the crystals dehydrate between 70 8C and
105 8C. As can be seen the temperature of dehydration only
signiﬁcantly differs between the ﬁrst and third dehydration run.
The hydration level in all eight cycles is constant, before the
dehydration starts and the crystals are entirely dehydrated at the
start of the rehydration process. Within 4 h after the heating
period, the sample is in a completely rehydrated phase.Moreover,
the timescales for the different rehydration curves are of the same
order.
As explained, with the help of NMR it is possible to determine if
water is located as lattice water or pore water in a sample. In the
case of CuCl2 pore water was not observed on the basis of analyses
of the relaxation times, both during the dehydration/hydration
cycles. These experiments show that under the conditions used in
this study, CuCl2 is a stable material for heat storage application.ﬁnal loading are given in the second and third column.DrH8 is the standard reaction
nce between the reactors and products of the decomposition reaction. The energy
e in the reaction. RHdel is the RHwhere the highest loading dissolves and RHdeh is the
Wagman et al. [34] and a XRD database [35].
DVolume (%) Energy density (GJ/m3) RHdel (%) RHdeh (%)
43.0 1.73 70 15
27.3 1.02 97 33
52.0 2.08 97 33
59.3 2.75 97 33
21.6 0.90 33 3
46.6 1.95 33 3
56.8 2.49 33 3
9.5 0.41 90 51
34.7 1.14 90 51
51.8 1.93 90 51
61.3 2.29 90 51
69.2 2.80 90 51
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Fig. 3. The loading of a sample of CuCl2 grains measured with help of NMR during
different runs of dehydration/hydration. Dehydration by a heating rate of 0.5 8C/
min over a temperature range of 30–150 8C, after a cooling period of 2 h (no active
cooling), the sample was rehydrated with air of 30 8C and a RH of 66% over a period
of 5 till 20 h. The dashed line indicates the sample temperature.
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CuSO4 grains were cycled thirteen times in the NMR, whereby
the dehydration was performed with a heating rate of 2 8C/min
from 25 to 150 8C. After reaching 150 8C, the temperature was kept
constant for 0.5 h and decreased till 25 8C in 2 h (no active cooling
present) and an air ﬂow of 25 8C and a RH of 80% was blown
through the sample for 20 h. Themeasured loading of CuSO4 grains
as determined by NMR as well as the temperature are plotted as a
function of time in Fig. 4, whereby the time is set to zero at the start
of the dehydration of each run. The loading at the beginning of a
dehydration run is decreasing with increasing number of runs,
whereas the loading after dehydration was constant 0.8–1 mol
water per mole CuSO4 for every run. Although after the ﬁrst cycle
the crystal rehydrated completely, an incomplete rehydration is
observed in the subsequent runs. With an increasing number of
runs, the rehydration rate becomes smaller in the considered time
period of 20 h.
Like for CuCl2, the ﬁrst run signiﬁcantly differs from the other
runs, i.e. the dehydration in the ﬁrst run occurs at a temperature
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Fig. 4. The loading of a sample of CuSO4 grains measured with help of NMR during
different runs of dehydration/hydration. Dehydration by a heating rate of 2 8C/min
over a temperature range of 25–150 8C, after a cooling period of 2 h (no active
cooling), the sample was rehydrated with air of 25 8C and a RH of 80% over a period
of 22 h. The dashed line indicates the sample temperature.which is 20 8C higher than for the subsequent ones. The loading of
the crystals for the ﬁrst cycle starts to decrease strongly at 120 8C,
while the other runs are almost dehydrated to an 0.8–1 mol water
per mole CuSO4 loading at the same temperature. Note that the
loading measured in the NMR is the volume averaged water
content over an entire sample, what does not imply that all mole of
CuSO4 have the same amount of water, i.e. local differences may
occur in loading. As the measured loading of the grains is the
averaged loading inside the grains this decrease of loading can be
explained in two ways.
First, if wemeasure a loading of threewatermolecules permole
CuSO4 in a grain (the last run), it may be interpreted as if in every
grain three molecules of water surround each mole CuSO4, like in
the trihydrate. As dehydration of the trihydrate occurs at a higher
temperature as the pentahydrate, we expect to see a shift of the
dehydration process to higher temperatures. Second, themeasured
lower loading can also be interpreted that only part of a grain is
active. To reach a loading of three, in the active part of the grain
(50% of the CuSO4 molecules in the grain) the CuSO4 molecules are
surrounded by ﬁve water molecules, and that in the inactive part
(50% of the CuSO4 molecules in the grain) of the CuSO4 molecules
are only surrounded by one water molecule. In this case, the start
of the dehydration will be the same as for a CuSO45H2O crystal. In
case a mixture of pentahydrate and trihydrate was available in
these grains, the dehydration curve will start at the same
temperature as for a CuSO45H2O crystal, but the curvature would
get two distinguish drops, one for the grains with pentahydrate
loading and the second for grains with trihydrate loadings. These
two curves can overlapwith sampleswherein the trihydrate grains
have only a small contribution, but especially in case of higher
number of runs, we should be able to distinguish the two
dehydration processes.
To determine, which of both explanations holds for CuSO4, we
normalized the measured loading between the loading before
dehydration and after dehydration for every single run and plotted
the normalized loading against temperature in Fig. 5. With
increasing number of runs, the dehydration is only signiﬁcantly
shifted to a lower temperature between the ﬁrst and second run. In
between the other runs, no shift is observed and the curves overlap.
This indicates that the second explanation is more probable, so the
active part of a grain decreases by increasing number of runs, but
that this active part still hydrate to the same loading.
A T2 relaxation analysis was also performed on the relaxation
data of the NMR during rehydration at 25 8C. In the relaxation[(Fig._5)TD$FIG]20 40 60 80 100 120 140
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Fig. 5. Thewater content normalized between themaximum andminimum loading
of a sample of CuSO4 grains during different runs of dehydration/hydration
measured with help of NMR. Dehydration by a heating rate of 2 8C/min over a
temperature range of 25–150 8C (see Fig. 4). The inset gives the loading of a sample
at the start of a dehydration run.
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Fig. 7. The loading of a sample of MgCl2 grains during different runs of dehydration/
hydration measured with help of NMR. Dehydration by a heating rate of 1.2 8C/min
over a temperature range of 25–150 8C. After a cooling period of 2 h (no active
cooling), the sample was rehydrated with air of 25 8C and a RH of 25% over a period
of 22 h. The dashed line indicates the sample temperature. The inset gives the
dehydration rate at 150 8C for the different runs.
P.A.J. Donkers et al. / Journal of Energy Storage 5 (2016) 25–32 29distributions only single peaks are observed with relaxation times
below 0.3 ms, so only lattice water was observed during this
experiment. Consequently the mean relaxation time in the sample
is the relaxation time of the lattice water component during
rehydration.
Themean relaxation time is plotted against time in Fig. 6. As can
be seen, the mean relaxation time increases with increasing
number of runs. The T2 relaxation time of lattice water is mainly
determined by static dipolar interaction of the surroundings. In
case the interactions increase, the relaxation time will decrease.
Hence, according to the relaxation measurement, the grains
become less ordered with increasing number of runs, decreasing
the interactions between the water molecules and their surround-
ings.
These experiments indicate that structure variations play a role
in the hydration/dehydration processes. Previous experiments on
sulphate hydrates have shown that the dehydration of a crystal can
form a pseudomorphic structure [28,36]. The crystal will be
fractured after the ﬁrst dehydration run and the hypothesis we
previously postulated is that during a dehydration run the crystals
will form a fractured structure. As a result, in every subsequent
cycle, more internal surface is available in the grains and water
molecules will be adsorbed more efﬁciently at the outer layer of
the grains. At the moment, this outer layer is completely hydrated
the water pathways will be sealed off, because the outer layer will
expand as result of hydration. As only a limited time is given for
rehydration, this mechanism decreases the absorption rate, which
will result in an incomplete rehydration. This experiment shows
that CuSO4 is not stable during hydration/dehydration experi-
ments.
4.3. MgCl2
For studying the dehydration and rehydration of MgCl26H2O
with help of the NMR, we selected two maximum dehydration
temperatures, one of 100 8C and the other one of 150 8C, resulting
in a loading of respectively 4 and 2. With these two dehydration
temperatures, we vary the volume change (approximately with a
factor of 2) during the hydration and dehydration process and the
number of phase transitions during a hydration/dehydration
process.
The temperature increase to a temperature of 150 8C was
performed to dehydrate the hexahydrate to dihydrate. The cycle
consisted of heating of 105 min from 25 to 150 8C (i.e. 1.2 8C/min),
followed by 30 min constant temperature at 150 8C. The samplewas cooled down till 25 8C in 2 h (no active cooling present) and
the conditions kept constant afterwards for 18 h at a RH of 25% at
25 8C. This cycle was repeated seven times. The measured loading
by NMR and the temperature are plotted as function of time in
Fig. 7, whereby the time is set to zero at the start of the dehydration
of each run. Initially, on average the crystals dehydrate below the
dihydrate phase of MgCl2, but after four cycles the sample is on
average dehydrated till the dihydrate. The rehydration level
decreases by additional runs as result of a decreasing rehydration
rate. No signiﬁcant difference is observed in dehydration
temperature between the ﬁrst and other runs, in contrast to what
we observed for CuCl2 and CuSO4. Moreover, dehydration still
continues during the period of a constant temperature of 150 8C.
In the inset, the dehydration rate at 150 8C is plotted against the
number of the run. The dehydration rate is calculated by taking the
derivative in time of the loading at 150 8C. We chose 150 8C,
because the temperature is constant over 30 min and the grains
can only dehydrate considering that no phase transition line is
crossed. In addition, during dehydration to 150 8C, the measured
loading at the beginning of the 150 8C dehydration period is
constant over the different runs (maximum variation of 0.25 mol
H2O per mole MgCl2). The dehydration rate is smaller in case of a
higher number of run. The difference may be a result of the change
in grain structure, because the other conditions (temperature and
air ﬂow) are the same. Obviously, such change in grain structure
decreases the releasing rate of vapor from the grain. This change in
grain structure will not only affect the dehydration, but also the
rehydration process.
The grain structure may be affected due to production of pore
water during dehydration. Therefore, T2 relaxation time analysis
on the NMR data is performed on this dehydration experiment (in
Fig. 8), the mean T2 relaxation time of the sample is plotted against
time after starting the dehydration process. In this case, the
relaxation time is a combination of pore and lattice water. The
initial mean relaxation time is around 400ms at 25 8C. At the
beginning of the heating of the sample, the relaxation time
increases to 1 ms at 60 8C, where it remains constant till 135 8C.
Until this temperature is reached, a single peak is observed in the
relaxation time distribution and, consequently, water in the
sample is still identiﬁed as lattice water. At 135 8C, the mean T2
relaxation time strongly increases. The measured mean relaxation
time is between 10 and 100 ms. This implies that a large part of
[(Fig._8)TD$FIG]
0.0 0.5 1.0 1.5 2.0
0.1
1
10
100  5
th
 run
 6
th
 run
 7
th
 run
 8
th
 run
 1
st
 run
 2
nd
 run
 3
th
 run
 4
th
 run
 Time (h)
M
e
a
n
 T
2
(m
s
)
20
40
60
80
100
120
140
160
T
e
m
p
e
ra
tu
re
 (
°C
)
Fig. 8. Themean T2 relaxation time of a sample of MgCl2 grains measured with help
of NMR plotted against time after the start of each dehydration run. The
dehydration was performed with a heating rate of 1.2 8C/min. The dashed line
indicates the sample temperature.
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Fig. 10. Themean T2 relaxation time of a sample ofMgCl2 grainsmeasuredwith help
of NMR plotted against time after the start of each dehydration run. The
dehydration was performed with a heating rate of 2 8C/min between 25 and 100 8C.
The dashed line indicates the sample temperature.
P.A.J. Donkers et al. / Journal of Energy Storage 5 (2016) 25–3230water in the crystals is pore water, i.e. mobile water in the grains.
This may be explained on the basis of incongruent melting of the
part of the grains at 135 8C. The transition temperature is above the
triple point of heptahydrate, tetrahydrate and the solution of
MgCl2 [37]. So, it may happen that part of the crystal was not
dehydrated till tetrahydrate and during this transition, part of the
crystal is melted in its own crystal water.
The dehydration to 100 8C was performed to dehydrate the
hexahydrate to tetrahydrate. The cycle consisted of a heating of
40 min from 25 to 100 8C (i.e. 2 8C/min), 50 min constant at
100 8C. The sample is cooled down till 25 8C in 2 h (no active
cooling present) and the conditions are kept constant afterwards
for 19.5 h at a RH of 25% at 25 8C. This cycle was repeated eleven
times. The loading and the temperature are plotted against time
in Fig. 9, wherein the time is set to zero at the start of the
dehydration of each run. Initially crystals dehydrate below the
tetrahydrate, but after four cycles the sample is, on average,
dehydrated till the tetrahydrate form. The rehydration level
decreases slowly by additional runs. No signiﬁcant difference is
observed in dehydration temperature between the ﬁrst and
other runs. The rehydration rate is going down with increasing
number of runs, but the effect is small compared to the cycle
experiment at 150 8C.[(Fig._9)TD$FIG]
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Fig. 9. The loading of a sample of MgCl2 grains during different runs of dehydration/
hydration measured with help of NMR. Dehydration by a heating rate of 2 8C/min
over a temperature range of 25–100 8C. After a cooling period of 2 h (no active
cooling), the sample was rehydrated with air of 25 8C and a RH of 25% over a period
of 22 h. The dashed line indicates the sample temperature.Obviously, the ﬁrst four runs are different from the subsequent
ones,which is also underlined in the relaxation analysis of theNMR
data given in Fig. 10. In this case, the observed relaxation times are
all short, indicating lattice water. In the ﬁrst cycle, the mean
relaxation time of the water in the sample increases during the
dehydration process, and after reaching 100 8C the relaxation time
decreases. In subsequent cycles, the relaxation time at tempera-
tures below 100 8C overlap. This indicates that thewatermolecules
in the grains experience a similar environment and have the same
mobility. A difference between the runs is only visible above
100 8C, where in the runs 5–11, the relaxation time stay constant.
These two set of experiments show that MgCl2 produces easily
mobile water during dehydration by heating above 135 8C. This
affects the grain structure, resulting in a change in the dehydration
and hydration rates. A smaller dehydration step, will help to
stabilize the system, but decreases at the samemoment the energy
storage dramatically.
4.4. MgSO4
MgSO4 grains were seven times cyclic loaded inside the NMR.
The dehydration of MgSO4 was performed with a heating rate of
0.5 8C/min from 25 to 150 8C. With the rehydration the tempera-
ture was cooled from 150 to 25 8C in 2 h and an air ﬂow of 25 8C
with 85% inﬂow. The loading as measured by NMR and
temperature of the cyclic dehydration/hydration of MgSO47H2O
is plotted as a function of time in Fig. 11, wherein the time is set to
zero at the start of each dehydration run.
Obviously the maximum loading before dehydration is varying
with each run (10% variations), but no clear trend downwards is
observed. After dehydration, the loading is 1.2 mol H2O per mole
MgSO4 for all seven runs. The ﬁrst time the sample is dehydrated,
the water is released at a higher temperature than in subsequent
cycles. The difference in this temperature (between the ﬁrst and
second dehydration cycle) is about 24 8C. For the other cycles the
temperature where dehydration starts slightly decreases. The
rehydration rates of the ﬁrst two runs are slightly lower than the
other 5 runs.
The mean relaxation time and temperature are plotted as a
function of time in Fig. 12. In the ﬁrst run, the relaxation time is a
combination of pore and latticewater. In the other runs only lattice
water components are observed. We observe that the initial grains
have a short relaxation time of 70 ms (1), which increases around
50 8C to 70 ms (2). This strong increase of relaxation time during
[(Fig._11)TD$FIG]
0 2 4 6 12 18 24
0
1
2
3
4
5
6
7
8
 1
st
 run
 2
nd
 run
 3
th
 run
 4
th
 run
 5
th
 run
 6
th
 run
 7
th
 run
L
o
a
d
in
g
 (
m
o
l 
H
2
O
 p
e
r 
m
o
le
 M
g
S
O
4
)
Time (h)
0
50
100
150
T
e
m
p
e
ra
tu
re
 (
°C
)
Fig. 11. The loading of a sample of MgSO4 grains during different runs of
dehydration/hydration measured with help of NMR. Dehydration by a heating rate
of 0.5 8C/min over a temperature range of 25–150 8C, after a cooling period of 2 h
(no active cooling), the samplewas rehydratedwith air of 25 8C and a RHof 85% over
a period of 22 h. The dashed line indicates the sample temperature.
P.A.J. Donkers et al. / Journal of Energy Storage 5 (2016) 25–32 31the ﬁrst run indicates pore water is formed inside the grains. Such
pore water formation appears after passing the triple point of
heptahydrate, hexahydrate and aqueous solution of MgSO4 at
48 8C. The pore water disappears at 95 8C and the relaxation time
decreases to 120ms. After 3 h of dehydration, the relaxation time
increases to 250ms (3). This is probably a result of the formation of
lower hydrates, what changes the surrounding of the remaining
water molecules in the crystal structure. Such production of pore
water is however, not observed in the subsequent runs. During the
rehydration, the mean relaxation time decreases to 120ms, but
does not drop to reach its initial value of 70 ms. The subsequent
cycles overlap.
This experiment showed that during cyclic experiments with
MgSO4 the dehydration/hydration process is changing. The
rehydration level slowly drops with increasing number of runs.
With our NMR experiments we could not determine the crystal
structure of MgSO4, so we could not conclude anything about the
inﬂuence of the known metastable phases on the cyclic dehydra-
tion/hydration process [38].
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Fig. 12. The mean T2 relaxation time of a sample of MgSO4 grains measured with
help of NMR plotted against time after the start of each dehydration run. The
dehydration was performed with a heating rate of 0.5 8C/min between 25 and
150 8C, after a cooling period of 2 h (no active cooling), the rehydration was
performed with an air ﬂow of 25 8C with a RH of 85%. The dashed line indicates the
sample temperature.5. Discussion and conclusion
A relative hydration level of the considered salts was deﬁned on
the basis of the ratio of the loading at the start of each dehydration
run and the initial loading of the sample. This relative hydration
level is plotted against increasing number of runs in Fig. 13 for all
salts studied. Obviously, the level of relative hydration level is
constant for CuCl2 and MgCl2 (100 8C) grains rehydrate up to 90%
for the ﬁrst 11 runs. The decrease in relative hydration level is
larger for the other three dehydration/hydration reactions. The
hydration level of MgSO4 strongly ﬂuctuates over the measured
runs between 95 and 85% and shows a decreasing hydration level
with increasing number of cycles. Both CuSO4 and MgCl2 (150 8C)
show a decreasing trend in dehydration after the ﬁrst three runs.
The production of pore water measured with NMR may
probably be considered as a good indicator with respect to the
potential to return to the initial loading. This is exempliﬁed in the
dehydration/hydration reaction of MgCl2 at 100 8C and 150 8C. In
case no pore water is produced, i.e. at 100 8C, the performance in
terms of recuperation of the original loading only slightly changes
with increasing number of runs. In case porewater is produced, the
hydration level decreases steeply (i.e. consider the 150 8C run).
Considering the four reactions without pore water production,
the theoretical volume variations in CuCl2 and MgCl2 (100 8C) are
smallest, i.e. 43.0% and 21.6%, respectively. The other two reactions
have larger theoretical variations of 52.0% and 61.3% for CuSO4 and
MgSO4, respectively. This set of experiments indicates that volume
variations between a hydrate and dehydrate may be related to the
stability of a dehydration/hydration reaction. As we did not
measure the volume variations or the crystal structures during
hydration/dehydration runs we cannot draw solid conclusions
about the stability of the loading with respect to the volume
variations. Besides the crystal structure variations inside a grain,
also the structure of the granular bed can change during hydrations
as the grains agglomerate if the applied RH is above the RHdel, that
can have its affects on the hydration or dehydration rate. In further
research attention should be drawn to these kinds of variations,
with help of X-ray computed tomography (CT-scan) for variations
in a granular bed and XRD for crystal structure changes.
Grains that are dehydrated for the ﬁrst time (original grains)
obviously dehydrate at higher temperatures than grains that
dehydrate in subsequent runs. This may be a result of the vapor
mobility in a grain. In an original grain the mobility is low, as the
evaporationof thevaporonly takesplace at thewalls of thegrains. In
case the grain is dehydrated, the grain is fractured in a pseudomor-
phic structure [28,36]. This pseudomorphic structure adsorbs and
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Fig. 13. The relative hydration level at the beginning of each hydration/dehydration
run measured with help of NMR is plotted against the number of the run.
P.A.J. Donkers et al. / Journal of Energy Storage 5 (2016) 25–3232desorbs water faster than the original crystal, becausemore surface
is available and paths reach the outer surface. A difference is
observed of 10 8C for CuCl2, 20 8C for CuSO4 and 24 8C for MgSO4.
These experiments show CuCl2 to be the most promising heat
storage material based on used conditions of these cycling tests to
store heat from the point of view of stability, and considering the
experimental conditions applied, with this limited number of runs.
It has a constant rehydration level and reaches a heat storage
capacity of 1.2 GJ/m3 with a porosity of 30%. MgCl2, MgSO4 and
CuSO4 have higher theoretical storage potentials (about 20%
higher), but this energy storage density appears not fully available in
cyclic hydration/dehydration as result of incomplete rehydration.
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